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ABSTRACT 


The cbhject of thie thesis is to make a preliminary investigation of «a 
new type vave annlyzex. The proposed wave analyzer would employ a veriable 
speed magnetic —e to effect a miltiplication in frequency. The resultent 
analysis vould be meade with a constant-percentage resolution. 





A basic analyzer theory has been formulated. Specific theoretical re- 

eultea inclwie: (1) determination of two multiplier epeed-time relationships, 
a minimm-enalysis-time solution, end an egasi~anelysis-sample solution, 

(2) determination of the required length of sample tape which is found to 
be a function of the desired percentage resolution, and (3) evaluation of 
the response of a simple selective network to a frequency excitation which 
varies very nearly linearly with time while within the peeas-bend. Dynaaic 
amplitude end frequency distortion will occur as a result of the varledle 
frequency excitation, It is shown thet these analyzer errors can be pre- 
dicted by use of a single peranetor. 


An experimental investigation of the analyzer principles was attenpted 
using magnetic tape wound around a diac. The speed of the dige was con- 
by & Ward-Leonerd system. Other experiments were made with the 

the dise slowing down due to ite own deeming. Experimentel resuite 

ted by: (1) veriation in the distence between the reproduce head 

the magnetic tepe due to the eccentricity of the diac, end (2) inability 

to control aceurately the speed of the disc. 


the pesa-~bend the deviation from a linear sweep for both multi- 
ions is less than 1/Q. It ia canclwied that linear-frequency- 
is applicable to the proposed enelyzer. Furthermore, it is 
concluded thet equal eemple analysis ia a desirable feature in orier to 
avoid a poselble time-distributicon andiguity in measurements. lWUowever, the 
required sultinifcation fimction unfevorably affects total eanalysia time 
requirerents and analyzer coapliexity. 
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CHAPTER I 
INTRODUCTION 


The chjective of this thesis 1s the investigation of «a new type of 
electronic wave analyzer, The proposed analyser would employ a variate 
apeed magnetic medivua to effect a multiplication in frequency. Thie 
multiplication in frequency would be eaployed in & manner eanalag-us to 
the addition of frequemcies in the conventional weve enalyzer. As ln 
wuch analyzers components of verious frequracies are measured by sweep- 
ing a derived component across a fined selective network. The acventag 
of frequency mil.tiplicatian over frequemry addition is that the resultant 
amalysis mey be made with a constant-percentage resolution rather then 
with a percentage resolution which varies between wide limite. 

The device is intended to assist in the processing end analysis 
ef dete available in the form of magnetically recorded signals. The 
data will have been receormied at some constent speed. An automatic 
analysis will be effected by continuously varying the reproduce speed 
ef the magnetic medium, Miniimm analysis time is desired. Hence, the 
reproduce speed would be varied at the highest rate consistent with tre 
Lint tatLoms imposed by: (1) the response of the fixed selective network 
vo an imout of varying frequency, anc (2) the specification of certain 








ca 

This enalyzer was proposed to the euthers by Doctor J. W. Hortan, Chief 
Research Consultent, U.S. Havy Underwater Sound Laboratory, Fort 
Trumbull, New London, Connecticut. 


* py resolution is meant the ability to distinguish between two closely 
adjacent Trequeney ccmpenents. resolution is defined as 
resolution (measured in cycles per seccux) expressed as a percentage 
ef mid-band frequency of the selective network. 
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desired sxelyzer cheracteristics which will be proposed in Chmpter IIY-A. 
Automatic cperation coupled with minionum analyais time would do much to 
alleviate the laborious and time-conswaing analysis which is now necessary 
using cormercially available wave enelyzers. 

Ideally, the enalyzer should be able to consider and process signale 
lying within the frequency spectrum from 1 cycle to 100 kilocyeles. Prec- 
tically, certain characteristics of present-day recording techniques will 
limit the analysis spectrim-band. It is emticipeted that at least two 
frequency-bends will be required to ccuplete the analysis. 

With the ever-increesing desire to investigate phencmeme from 4 
spectrum enalysis consideration there ics a decided need for equipment 
which would facilitate such measurements. In addition, there is a real 
need in the field cf wilerwater soumd for a constent percentage resolution 
analyzer which would incorporate automtic cperation end rapidity of 
measurement. It is believed that similar needs exist in other fields. 

In @ sense the proposed analyzer will be composed of components 
which have been investigated et some length and which are in common use 
today. These casponents will be earrengs], ami will be caused to functicn 
in a memer to accomplish a specific desired result: spectrum analysis. 
This thesis will euphasize the inter-relatiouship between these components 
in order to accomplish this purpose, ami will investigate the limitations 
which verious components put on the problem and the system es a whole. 

It is not our intention to build a nretotype weve anelyzer. The thesis 
will attenpt to answer as far as possible the question cf the feasibility 
of the proposed analyzer. 


Basic 
The preposec analyzer could be divided into four functional sudo- 
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aivisions: (1) a frequency multiplier, (@) ea fixed selective network, 
(3) mm imdiestor, end (4) e control and progremming section. A postu- 
lated arrangement is presented in Figure 1.1. 

The signal ic ve analysed is recoried eat some constant speed cn 
either megnetic tape or on the outer edge cof a magnetic disc. This closed 
loop of predetermined length is constrained by the frequency multiplier 
to follow an appropriete speed-tine relationship, M(t). Guch a mlti- 
plication might be achieved by: (1) comtinucusly varying the speed of a 
magnetic disc, (2) wrapping magnetic tape arownxl the periphery of a non- 
magnetic dise which proceeds at a varieble speed, and (3) trensperting 
a constant epeed magmetic medium over s reproduce head array which rotates 
in accordance with Mt). 

Following the miltiplier @ repradwe system converts the recorded 
signals to an electrical excitation which ovweens across e fixed selective 
network, Selectivity is provided by « singl4, high - Q, bamd-pase filter 
per frequency-bemd. Next the signels proceed to the Indicetor, pass 
through eppropriate averaging circutts, and Sinally ere presented in the 
form of a permment vieuel record. If similtenecus enmalysis of the entire 
Spectrum is desired, one graphic-~-recerder chammel per frequency-band is 
required. 

Hote that the speed-time relationship, M(t), is a fundamental link 
between three main anelyver sections. An appropriate tie-in must exist 
between the multiplier end the indicetcr. There is a possibility tnet the 
averaging circuits might aleo be a fumetion of H(t). It appears that the 
control end programming section will require wee of servomechentoms com~ 
bined with suitable electronic control cireults. 





“Appendix A provides a table of symbols and definitions. 
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FIGURE 1.1 
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Recorded input signal 


FREQUENCY MULTIPLIER 






r-- 
i 

: 

| FIXEL SELECTIVE NETWORK 
| 

| 

i INDICATOR SECTION 

| 

| 

| CONTROL AND 

le — 


PROGRAMMING SECTION 









path followed by analyzed signal 


Anaiyzer output 


the multiplier speed time relationship, N(t) 








Wave Analyzers In Generel 

A thoroewgn survey of available tectigical liternture indiceves thet fae 
proposed wave aualyser would have several wigue characteristice. The 
pagsic noveltyexiets in the frequency multiplier. The varieble speed my~- 
netic melium effects a canstant-percentage resolution analysis. 

Beranek* presents « comprehensive study of the many different types of 
apparatus utilizad ta amalyze a complex noiee into a spectral distribution. 
Jastrem and MeCouch*” neve discussed the deeign requirements for a wave 
analyzer capable of measuring nolge spectra in the video-frequemcy rangy. 
(heir paper inclutes a discussion ot1 the repponse of a rescuant system to 
@ non-perlodic fumetion. Another paper which cconcentrates on the design 
features of a spectrum anelyser was vublisued recently by Soanes.*”? He 
Gincusses the {nereased meber of protlens ayscclated with low frequescy 
enelysis where the time cf one cycle heccmes compereble vith the total 
Sime avallabie for the analysis. 

Actually the plan to design « wave enelyser employing a Prequency 
multiplying device with a fixed selective synten is not a new one. In 
19284 Sacia*® proposed e non-autometic analyzer which wes very accurate, 
but which required @ great desl of anzlysis tine. The sound weves vere 
recomied on a strip of film, joined into an emiless band, end then picked 
off with the ald of a pkoto-cell. Pollaving the photo-cell was en ampli- 
fier containing a tuned electrical cixcult. The speed of the film wes 
varied so tnat the different pertial tones of the scund veve were re- 
corded singly, and an analysis vas obtained. Sinilerly Barber ené Ursell*+® 
have designed a wave aualyser weed for exenizing spectre of ocean waves. 


pe 


“ Subscrigt numerals refer to similarly numbered entries in the Bibliopeagh:. 
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Tne record in the firm oa 2 varleble-erce tleek trace con a white bechgrwuee 
is wrapped erowd te periphery of a wheel. The wheel is made to revolve, 
ani an electrical outout is obtained from am optical device which views 
the record through a narrow slit clope to tke wheel. This output, a con- 
tinval repetition of the recorded trace, is made to drive a sharply resan- 
ant vibration gelvemoneter. The successive resonances are recoried by 5 
pen on moving paper. It is noted that its aualysis time is about five 
ninutes per octave, this is considers’ emmessive for ow wave analyzer. 
Avrarently the technique of desigauing « workable autamatic vave 
anelyzer has just recently been established, As recently as 1949 Burver® 
suezested a slow mechanical drive combined with continuous recording of 
eamalyzer energy output in order to expedite the spectivm analysis. His 
paper includes a detailed study on the optima performance of such an 
analyzer. 
Megnetic recording processes are repidly being applied in the in- 
strvmentation field. Uses include pulse systems, and carrier syatens. 
Furthermore, conventional magnetic recerders emloying high-frequency 
bias are being weed for recording a band-width within the range of 100 





cycles to 100 kilocycies .®” 

Certain research and industrial aprlicetions of magnetic tape have 
been previovsly restricted by limitations of the mediua itself .*© Re- 
cently tape menufecturers heve made encrmous progress in the quality c? 
their products which are designed for reseereh applications.*? ‘these 
advences have been stimulated largely by the exacting demands cf the 








“py automatic ve meen that the enalyser is self ecting, and thet a con- 
timucus, permanent record of its owtput is mde available. 
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of tite computer fleld for ingroved magnetic tance nemory devices. 

Why use megnetic revording and reprodumtion techniques in weve 
analyzers? The answer to this question {s contained within two character- 
istic afiventages of magnetic media. First, there are those general 
functions characterietic of magnetic recording: (1) recording and stcrege 
of signels for reproduction at will, and {2) improved signal-to-noise retic. 

fa excesaive length of analyels time is required using conventional 
methods. It would be desirable to accealernte the rate of scamming. Thia 
cen be accomplished by use of magnetic media. Ite secomi characteristic 
wivantage is contained in the following Giseussion. A magnetic pettern 
is impressed in a medium treveling ac @ given velocity. If it ig tnena 
passed over 4 pickup device at the mem velocity, a characteristic weve 
Length will be observed which ia equal to the weve length criginally 
recoried on the tape. Next, if the meciwu velocity is dovbtied over the 
recording velocity, the reproduce heed Sees two wave lengths in the 
seme length of time it originally sew cmly one. As a result, the fre- 
quency obtained during play-back is tyice that which was originally re- 
ecomted. Thie characteristic can be aetprauned in a general form ae 

s  *y 
,S 


S = the instantaneous reproduce speed. 

o., = the original recording speed, 

f, = the recorded frequency component. 

ft. = the frequency cbserved at the reproduce head 
when the magnetic mecdiwe ie traveling at speed 6. 

Y= the instantaneous veprodwme speed or reproduce 
frequency ratio 
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This multinlication feature allows tne criginal frequency epectmm to 
ve converted to an equivalent spectrum in a higher frequency range. A 
wider band-width analyzing filter results with its subsequent lower 
build-up time.° The effective band-width ef the analyzer filter, when 
referred to the original frequency spectrum, is the actual filter bend- 
width divided by the reproduce speed ratio, N. 

For any fixed reproduce speed, 5, the rate of scenning is increased, 
and total analysis time is decreased. This comes from the requirement 
that for linear sweep excitation the ratio of sweeping is directly pro- 
portional to the square of the bendridth.*” 

There are several automatic ware analyzers which employ a magnetic 
medium to effect a multiplication of frequency spectra. Two such con~ 
merciel enelyzers are Bell Telephone Laboratories’ Sound Spectegrenh ,27,* 
ana Kay Mlectric Compants Vibrelyzer.=” These devices only mexe limited 
use of this important multiplication feature. Im each case the medium 
reproduce speed ig maintained et some ccneteunt value, which is usually 
oly 3 to 5 times the record speed. instead cf making N a function of 
time, as is the case for the preposed analyzer, the analysis is obtained 


by use of @ hete: process. No known amelyzer achieves frequency 





selectivity by use of a continuously varying reproduce speed. In this 
respect the proposed enalyzer is unique. 

The Seound Spectrograph, also known commercially as the Sona-Greph, 
is a wave analyzer which produces a permament visual record showing the 
distribution cf energy in both frequency snd time. Avdio sounés un 
to S000 cps can be studied. A typical recorded semple lenxth is from 
2 to 3 seconds duration. The signal te be amalyzed is recorded on 6 
Loop of magnetic tape which is mounted on a rotating dise. Anelysis 
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results are marked on electrically sensitive veper. This record is sovyrted 
Om @ cylinirical drum, which is mechenitweally coupled to the tape loop. 

The Vibvalyzer furnishes a frequency analysis of low-frequency 
sounds in the range from 5 tc 4400 cps. The signal to be analyzed is 
recorded on the outer edge of a magnetic diec. This closed-looy signal is 
scammed with each revolution of a reverding drum. The cutput is graphically 
presented an a sheet of facsimile-type paper for a permanent visunl recur. 
Information is presented regarding time, frequency, and amplitude of the 


recorded eignal. 





Preliminary investigation indicates thet we will be concerned with 
the response of lineer selective networks te driving functions in which 
the frequencies vary cther than linearly with time. There is very littie 
information avalilavle on such driving fumcticous. The response cf a LOR 
eireult to a logarithmic frequency-sweep driving function has been investi ~ 
gated by Penfielad.?” ‘This theoretical development resulted from a lengtry, 
grephical evaluation of a cenvolution integre) equation. Unfortunately, 
this stwiy only provides information for a specific case cut of the yet- 
waexplored family of response curves which exist for a logaritivic- 
frequency -sveen excitation. 

On the other hand, there 1s a great deal of infcrmation available 
on the response of selective networks to linear-frequency-sweep excitation. 
A review of the technical literature will be previded below. Briefly 
these studies cex be suwmaerizsed as Pollevs, The response of a selective 
network will be nearly identical to its steady-state response provided 
the sweep rete is very low. As the rete of sweeping is increased, circuit 
transients meke the response appreciably different from that obtained 
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with slow eer reatec. There will exiet o dynamic, amplituie~depression 
distortion. A frequency-displacement distortion will also be associated 
with the maximm regponee. At the seme tine the effective baxni-sidth it 
increased over its nominal value. This decreases the effective value of 
Q. Furthermore, e ringing phenomena following the resonant response peek 
cen result. Thie can be characterized as the beat-tone between the danped 
omeillation of the selective circult aad the sweep frequency signal. 

The presence of these secondary wexima can completely mesk the detecticn 
of weak components in the vicinity of & strong component. 

Meny authors have studied the response cf resonant systems to ex- 
citetion ef a frequency varying linearly vith time. Clevier® sought the 
methenatical condition for which the dynamic reeponse ie nearly the sexc 
as the static reeponse, His sclution indicates the need for very slow 
exploration speeds. Levwis** investigated the case cf a mechanical she °t 
of linearly verying speed of rotation. Eis graphical eolution involves 
fresnel integrele of ccownplex argument which are not known to be tabulated 
to any extent even today. Hok?° atudied the response of a narrow-band 
resonant systen. Haxtlton'é’ solution to the problem involves the fourier 
antlysis of the input and output spectra. Berber and Ureell® have pre- 
sented & sclution for the response of an oscillatory system to a tone 
Whose frequency slowly increeses or decreases. It is shown that the 
form of the response is very complicated, tut that the variation of an- 
plitude neer resonance depends upon # single paremeter involving the 
cometants of the apperatue. Marique*® investigated a sewtocth varying 
frequency excitation. Ke shows that the response is composed of two 
terms: one arising during each sweep, the other resulting from the pre- 
eeeding sweap, Soanes?®,2° comiletes the general problem by discussing 
the effects of stexting the sweep in ox near the pass-band. In eddition, 
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he provides an excallent review ofnany different authors’ appreaches to 
the general problem of lineer sweep excitation. In 1935, Meyer*® pro- 
vided an earlier correlation of similar etuwifes. Ekstein end Schiffman® 
recently investigated the response of a linear network to an input with 


linearly veriabdle frequency as obtained in sweep frequency testing. 


Becpe of the Thesis 


Time amd ecenomic consideretions necessitate rather narrow limita- 
tions in the seope of the thesis. Obviously we cannot hope tc design 
and ccustruct a complete wave analyser. Furthermore, there is consider- 
able material aveilatle in the literature cn mametic reprodwe systems, 
selective networks, averaging circuits, indleators, servomechanisms, and 
control circuits. This information will be readily availeble te the 
future designer. Hence, the thesis will concentrate on the wmique feutures 
of the anelyzer: the frequency multiplier and its associated speed-time 
relationship. These features raise certain questions which are not 
specifically answered in the litereture: 

(1) Whet multiplier epeed-time relationships are available which 
result in tolerable limits cf distortion, minima anslysis time, and 
Gesired analyzer characteristics? 

(2) what 48 the proper relationship between desired percentage 
resolution and mintimw emelysis time per frequency band? 

(3) What limitations do magnetic recording characteristics impose 
upesa the overell anelyzer? 

(+) How meny emnlysis frequency-vanlse should be used? 

(5) What length of eample is necessary for proper analysis? 

(6) whet is the infiuence of E(t) upon the averaging, indicating, 
and programming seotions? 
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CHAPTER IT-A 
DEVELOPMENT OF ANALYCER THAORY 


Tais chapter introduces a basic theory applicable to the proposed 
anelyzer. The analysis is guided by specific queations raised in Chepter 
Zz. 

Tvo fundamental requirements for any autormtic wave enalyzer are: 

(1) to provide the greatest possible resolution of frequency components, 
and (2) to complete the analysis in the minima possible time. Note that 
these are two conflicting aime. The emeller the pezs-band of the selective 
network, the greeter the resolution.®»2° ‘However, accurate output measure- 
ments are obteineble cnly if each compcenent remains within this smaller 
pess-beni for a longer period of time. Furthemaore, it is possible (as 

is the case for this particular snelyzer) that certein additional require- 
nents, other then the characteristics cf the selective network, will in- 
fluence the determination of M(t). 


The Basic Selective Systea 
The basic frequency selective system ccusists of a frequency multi- 


plier, and a fixed selective network. Assume thet the system input can 
be represented by a series cf n discrete sinuseidal components, each of 
frequency f, . The output of the miltiplier is then a series of fre- 
quency modulated components, fon t). The maltinlier fumction can be ex- 
pressed in tems of the instemteneous meametic-tepe reprocuce speed, S(t). 
and the fixed recording speed, 8. . 

A(t) = a (1) 


Y 





& 
Where suoscript n takes om values 0, 1, 2, ... 
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A fundemental multipiier relationship exists: 
f(t) « ¢.mMt) = f, - (2) 
It ie appreprinte to examine the physical operations involved in this 
systea. A series of discrete comoments, P on? heve been reccrded on mag-~ 
netic tepe at a constemt recording speed, G.- These are shown in Figure 2.1. 
It is legical to assume thet the multiplier speed-time relationship will 
be in the form of a centisucus, decaying fwiction. Figure 2.2 18 a sketeh 
of such an assumed H(t). Bach recorded ccmpouent, fj? 18 multiplied by 
M(t). Hance, the cutput cf the multiplier is e fantly of decaying com-~ 
ponente, Fant)» similar to those represerted tn Figure 2.3. These con- 
ponents sweep across the nerrow-bend selective network which ideally rejecsa 
all components lying outside the shaded erea of Figure 2.3 
The phenomena of frequency sweep must ve ccomiderec from two differ- 
ent pcints of view. First, for any fixed input frequency (e.g. f3)s tes 
derived component eweeps acroes the pass-band in a decaying fashion. For 
exemple, ven 
t = ty, i) a te 
ani, when 
t = te, fo * f 


where f and f, are the upper end lower cutoff frequencies for the selec~ 
tive network. Gn the other hand, derived comcmente of lower-frequency 
recorded sicnals (e.2. £4) ore swept acress the selective netvork before 
those derived compoments which are associated with higher-frequency re- 
corded signals. (e.g. f oa) 

The response of selective networks te Linear-frequency-eweey excita- 
tion has been thoroughly investigated. (Sae disewssion in Chepter I). 
Reaminetion cf our hasie system fails to indicate that M(t) will necessariiy 
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Figures 2.1 - 2.3 


BASIC PHYSICAL CONSIDERATIONS OF MULTIPLIER ACTION 
ce SEEDS 


Figure 2.1 


t— 


7 Figure 2.2 






N(t) vse t 3(t) 
where N(t) = —— 







fonit) = f aN (t) 


f(t) = fi yN(t) 


f(t) =f M(t) 
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be a lineer reletionship. Nevertheless, this weve enalyzer typically con- 
tains a narrow pess-band in order to obtain maximum frequency resolution. 
As a result, N(t) might properly be approximeted es a lineer svesp within 
this narrow frequency-band. Available linear-frequency-oveep reseerch 
cowld then be applied as an aid in properly evaluating M(t). 


Multiplier 5 Relationship 
In Appendix B three theoretical multiplier speed-time relationships 


are derived by a qualitative approach. 
First, the minimm-analysis-time solution is determined. It can be 


expressed in the forn 
S(t) = s.e°* (120) 


where S. = the value of S at t equals 0, 


. 4p 


wt 


af «a the width of the resonant response curve at the 
cut-off frequencies 


‘, = the upper cut-off frequency of the selective network. 

K = a pure numeric (cycles) 
For this solution each derived component, fon? remeins within the pass-baml 
the minimum time for acceptable analysis. This condition is based on the 
requirement that the output of the selective system remains within certein 
tolerable iimits of aaplitude and frequency distortion. 

Secondly, the equal-sample-anelysis solution is determined. It can be 
expressed in the form 
5. 
S(t) - 1 + et : (21) 


Bach analysed cozsponent remains under ecrutiny for the entire length of 
sample. The energy reported at each frequency is associated with the samc 
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"6 
nrelysisa sample as the energies reported for all other frequencies. This 
practical feature ie very advantageow! sie a possible ambiguity in measwre- 
ments is avoided. Appemlix C develope these undesirable measiwement errors 

which oceur in comventional vave analyzers. 

Thirdly, a linear speed-tive relationship is developed, ami can be ex~ 

presged as 
c f. be 
H(t) = S. P - fy (15a) 
Te 
Equation 15a has limited theoretical use. The solution only serves to 
correlate the previous non-linear releticnships and the conventional iinesr- 
frequency-sveep exmitetion. 

A fundamental anil useful characteristic exists for both the minimu- 
enalysis-time solution and the equal-~sample-amalysis solution. The maximum 
deviation from linearity within the pass-bend of the selective network is 
less then =” where 


te 


°° 
te = the mid-bend frequency of the selective network. 
For ell practical pwrposes the sweep rete is linear since the proposed 
analyser will contain a high-Q selective network. 

Figure 2.3 deserides the family of decaying components, f(t)» Evecp- 
ing ecrose the fixed pees-bend. The minimum-anelysis-time solution exhibits 
equal sweep rates at f. for all values of f,(t). Hense, if one rate is 
eritical, all rates are equally critical, On the cther hend, the equal- 
gemple-analysis solution cen have only cone critical sweep rate at f. this 
oceurs for the derived compcnent fi_(*) associated with the Lowest recomind 
frequency component, f... ALL other sweep rates within the pess-bend will 
oversatisfy the characteristic tine requirements of the selective network. 











# 
See Equeticns 1+ avd 23 in Appendix B. 
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The Response of the Fixed Selective Network to a Varying Frequency Excitation 

Two basic multiplier relationghips are presented in Equeticns 1l1b end 
2lb. Both expressicns are non-linear furxtias. Yet, within the pass-bandi 
of the selective network the excitation function 


e(t) = BE cos © = E cos ($2) = E cop (2a tenit)) 


follows very nearly a linear sweep rate. 

The three multiplier relationships cen be expanded in a Maclaurin's 
Series in angular displacement, @, of the form 

@ = a, + Qyt + agt® + ast? +... 

The first three temas for two basic miltiplier relationships ere identically 
equal to the linear speed-time expansion resulting from Equation iSa. Within 
the pass-band the t° and ell subsequent terms are considered negligible. 

In Appendix B the excitation of a simple LOR circuit is investigated. 
The response to 2 nearly linear sweep excitation function is eveluated by 


the real convolution integral 
t 


r(t) = f eT) n(t -T) aT (25) 


wo 


v(t) = the response of the system. 

e(t) = the excitation function of the system. 

h(t) = the wit impulse response of the linear systen. 
This integral is broken down analytically using the methed of Barber and 
Ureell.? The derivation is included in the thesis ainee: (1) the solu- 
tion provides a better understanding of the basic parameters involved, 
(2) the derivation conveys a physical picture of the response emi (3) this 
approech provides a logical starting point for future studies concerned 
with the effects of ignoring the t° and any subsequent terms in the ox- 
pension of 6. Barber and Ursell stwiied a mechanical analogy to or 
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syatem, welch is @ variable-speed opticel analyzer employing a reacnent 
vibration gelvancatter. Therefore, it is not surprising thet the event el. 
solutions conteined in Equations 34 and 96 eve of the same Por as the 
renulte cotained by Barber and Ursell. ‘hese authors have plotted exnvelopws 
of this treusient resonaneo.?,> Their rsvits, with appropriate changes in 
notation, are presented in Figure 2.4, Gimtiar results would be obtained 
by use of any lineer, second-order syste. Universal resonence curves are 
made evaileble which can be gpplied to a very good approximation. These 
are useful since meny complex selective networks can be approximated by 

@ linear seconi-order system. For example, Scanes?” describes a perallel-T 
network which la exactly equivalent to a series LOR circuit. 

Curve a of Pigure 2.4 is the cherasterintic steady-state response 
with the peek arbitrarily set at zero decibels, For curves b through ¢ 
the emplituies cf the peak input signa) would be underestimated by the 
indicated power errors. A simple relationship exists between this dynamic 
depressic: error and the perameter K. Also note that the peak trens- 
missicn always cecurs after the instant when the excitation frequency 
equal, tp This Trequemy displecesest distortion is also releted to the 
parameter XK. Study of Figure 2.4 indtoates that the effective bani- 
width, (4f)., 18 greater then the nominal bandwidth, Af.” Furthermore, 
eecomiery peaks are obeerved which cold msk the detection of weak 
input components. 

Hote that Figure 2.) does not teke into account two important aspects 
Ould be considered for the proposed analyrer. 





of the general protiem which 





& 
~— Pigure 3.3 

Sea Figure 3.4 based on several sources including Figure 2.4 
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See Figure 3.5 
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The first oceurs when initiel conditions ere not zero. Maerique*™ end 
Soanes*? »%° each discuss the additional trensient term which exists in 
the response. The second aspect is the determination of the effect cf 
starting the sweep in or near the parge-bend. Goanes?” presenta a sclu- 
tion to this problem ty an extension cf the work of Parber and Ursell. 
Inatead of building up to the maximun response in a amooth fashion as 
indicated in Figure 2.4, “oscillations” occur near the beginning of the 
sweep. 

In comtlusion, six different disterticam cen exist: 

(1) amplitude depression, (2) frequency displacement, (3) decreased 
selectivity, ¢, (4) secondary peek mesking (ringing), (5) initial -condi- 
tions trensients wx (6) uneven leading edges resulting from starting 
the sweep in or near the pass-bend. 





Modern tape is sufficiently constemt in sensitivity to ellow empli- 
tude recording to a few percent.** It has been shown that there exist 
workeble analyzers which exploy a magnetic medium. lence, magnetic 
properties and performance characteristics of recording tapes do not in 
themselves Getermine the feasibility of the proposed analyzer. Yet, at 
least three of these characteristics must be recognized as major factors 
in the overall design. 

First, there is a distinct advantage in continwne operation at a 
reproduce speed which is alweys greatey than the constant record speed. 
Use of miltiplication rather than division results in increased output 
magnituies aw increased signal-to-noise reaties. However, in order to 
keep the number of selective networks and graphic recorder channels to 
@ winimen it may be necessary to partially speed-up am! partially slow- 
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down (es compared to the fixed recorded speed) the reproduce tape fcr «a 
wide frequency~bend analysis. Secondly, a definite limitation cecurs 
because of imperfect magnetic contact between the reproducing head and 
the recording medivm. A rigid requirement for this analyzer is that it 
provides constant contact of the playback head against the magnetic tape. 
R. L. Wallece, Jr. of the Bell Laboratories** has made experimental and 
thecretical determinations of the spacing losses involved when the re- 
produce head loses contact with the magetic surface. He reports that 
Spacing loss (db) = 55 (4/2) 
where ad «= spacing intreduced between reproducing 
heed end magnetic medium 


8 
X = recorded wavelength = =~ 
an 


db =» decibels thet reprodiwced votage level 
is decrease: 


It is to be expected that the magnetic contact between the reproduce head 
and the medivn is lees then perfect. Modulation noise introduces a spacing 
loss for devices exhibiting only apparent intimate contact. For exemple, 
imperfect magnetic contact can result from chattering of the tape on the 
reproduce head, or from changes in the Gegree of contact due to cluaps 
om the tape surface.?* Azplitude modulation of the reproduced signal 
results. Specifically, let us considex the case when a non-magnetic 
disc with tape wrapped eround the circwf erence is used as the miitiplisr. 
Any eccentricity in the motion of the dise will introduce the azmplituie 
modulation described above. Furthermore, this eccentricity will result 
in excessive wear in the heads, which increases the eres in contact with 
the tape and decreases the signal-to-ncise ratio. 

Lestiy, a characteristic high frequency loss due to the length of 
the playbeck head gep will probably determine the upper frequency limit 


¥ 
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S 
for the proposed analyzer, When the reproduce wave length () = 2) ap- 
ao 
proaches the effective playbeck gap leagth, 6, a decreased signal output 


will cecur. Lesnert®? predicts that this loss can be expressed as 


“a 
Voltage level less = 20 log = 
io 





Hence, there exists a certain ninimm veve length the reprodive head will. 





The results can be summarised aa 


ext, 
md * ~y (39) 


2K fs 
L (cycles) « ~a5— (39) 


L = recorded sasmle length 


Summany 

Six key questions regarding the proposed enalyzer were raised ait the 
end ef Chapter I. A basic theory has been formulated in Chapter II-A, amt 
in Appendices B, C, ami D which provides « vasis for answering these 
questions. 
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CHAPTER iI-3B 
EXPERIMENTAL PROCSDUSS 


Introdwtioa 

Figure 1.1 showed the fiumctional operations necessary to be performed 
on an wmiknown recorded input in order to extract the desired spectral density 
of that input. Figure ©.5 shows in block @Qiagraz form the arrangement of 
coxsponents which was used to acccaplish the aforementioned fumctions. The 


following discussion of these components refers to those actually used. A 
more thorough discussion of major compenents to accomplish the desired fime- 
tions is given in Appendix E. 





The wiknown sample to be analyzed is taken as the starting point for 
the block diagram. This tape is wrapped on the periphery of circular disc 
9.00 inches in diameter. A reproduce head is mounted so that the magnetic 
tape on the disc revolves past the face of the reproduce head. The move~ 
nent of the tape past the gap of the reprodive head causes a voltage to be 
generated in the windings of the head in accoriance with the signal on the 
tape as modified by the linear speed of trensiticn of the tape past the 
gap. Beeause the voltage output of the reproduce head is rather low 
(0.004 volte maximus for the heads used, provided that the tape is in 
contact with the face of the heed) a voltage omlifier is used to raise 
the level of this cut-out. The output of the emplifier may be camposed 
of many different frequencies depending om the character of the recorded 
input. The selective system picks out one frequency component so that 
this component can tbe meeawmred. The selective system for this arrange 
mont is « high Q perallel resonant twred circuit emmloying positive feed~ 
baek for Q miltiplication. The output of the tumed cireuit is fed thicugh 
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a cathode follower isolation stage to a canventional linear detector. The 
detector determines the muplitule of the single frequency output of the 
tuned circuit es we fumetion of time, and this amplitude, varying at a such 
slower rats than thea widetected output of the resonant circuit, is capable 
of being recoréed permanently on @ low-frequency, peper recorder. 

The upeed of the diac carrying the magnetic tape is controlled by a 
Ward.-Leonard type of speed control, (However, this control system was 
run open loop using the typical speed characteristics of om ermature con- 
trolled, direct current wotor rather then closed loop with tachometer 
feedback as originally plamed) The controlling signel to the Ward-Leonerd 
system is developed in & function generetor. Only an exponential variation 
was, investigated and this valtege vas developed in o simple RC exponential 
decay circuit. The IC output of the function generator is amplified by the 
vo).tage amplifier and the power amplifier controls the field current of a 
DC generator whose armature output is ccemected in series with tae armature 
of a DC motor. The field of this motor is supplied from an external con~ 
stant source, Thue the combined systen provides an armature controlled 
DC motor with which the speed of the dise might ve controlled. The con- 
trolling voltage and the speed of the motor, indicated by the output voltegs 
of a tachometer, are both monitored by paper recorders. The input to the 
frequency selective timed circuit i= senitored by a cathode ray oscilloseope, 

it was determined that the driving arrangement for this system resulted 
in an wmeven variation af frequency as the played-back frequency of a 
recorded component was swept ecross the tuned circuit. In order to achieve 
@ emooth variation of excitation frequency for the tymed circuit, the disc 
was gotten up to the desired speed and then was permitted to sicw down by 
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iteelf. The butt joint transient of the recorded sample was used es e 
marker in order to indicate the variation in speed of the free rumning 
dise. This transient was recorded along with the response of the tuned 
circuit on a twin paper recorder. The revolutions of the disc as indi- 
cated by the butt joint markers were calibrated in time by using one 
secom markers which were imposed on = third trace of the paper recorder. 
A block diagram of this arrangement is given in Figure 2.6. 
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PICURE 2.5 
Block Diagram Driven System 
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CHAPTER iIT 
RESULTS 


Tneore , Results 

A basic analyser theory has been formulated in Chapter ITI-A, and in 
Appenéices B, C, emi D. The following results of this investigation are 
of specific interest: 

(1) Two multiplier speed-tine relatianehips were determined and ere 
presented in Figures 3.1 enl 3.2. For the minimm-analysis-tine solution 
each analyzed component remains within tie pass-band of the selective 
network the minimus time for acceptable anelysis. For the equal -samle- 
analysis sclution each analyzed copponent reneins wider scrutiny for the 
entire length of sample. 

(2) The term acceptable analysis in bened on having the output of 
the selective network remain within tolerabie limits of emplitwe and 
frequency distortion which are imposed by the characteristics of the 
selective network. Figures 3.3, 3.4, and 3.5 predict this distortion es 
a function cf a paremeter K. This constant relates the characteristics 
of the excitation frequency with those of the selective network. Note 
that these results are applicable only fer the rengse of K indicated in 
each figure. 

(3) ‘The recorded sample of tape selected for analysis must have a 


2kt. 
Les 


L @ length of gemple measured in 
t. = the upper cut-off frequency of the selective network. 





af = the band-width of the selective network. 
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t 0 m the lovest recorded frequency component being enelyzed. 
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ton «= the cutput of the frequency miltiplier 





Two factors have combined to mke the experimental results largely 
quelitative rather then quantitative. These are 


(1) Variation of the amplitute of the reproduced 
signal with anguler position of the disc due 
to the eceentricity of the disc. 


(2) Inability te control the speed of the disc 
within narrow linits 


Figure 3.6 shows in « qualitative menzer the analysis of a com- 
posite recesied sample. The recorded frequencies and the snalyzed frequen-~ 
cies are given below. It is importent te note that the recorded samle 
has not been enalyzed by an independent means, 





Recording Frequencies 
Frequency Relative Amplitude Frequency Relative Amplitude 
134 71 
188 1.56 
198 1.00 198 1.00 
393 1,00 392 efh 
408 30 
418 1.00 418 93 
618 & 42 
696 see 694 1 
¢ oT 
Bhe o20 
886 1.00 
a 50 
, 1.00 
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a) 


The disc for the above anmelysis wes permitted to slow down freely. ‘The 
variation of the linear speed of the tepe is given in figure 3.8. 

Figure 3.7 gives a measure of the reselution of the enalyzer for a Q of 
the ted circuit af 625, and a resonent frequency of 5020. The speed-time 
relationship is similer to thet given in Pigure 3.5 and results in a pera- 
meter of K equal to 2.46 at 400 cycles per second and so value of K equal 
to 1.47 at 700 cycles per second. 

The shape of the output pulse for one recorded frequency, 300 cycles 
per second is given in Figure 3.9 for different values of the parmscter K. 
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FIGURE 3.1 


MULTIPLIER SPEED2TIME RELATIONSHIPS, I 
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SOLUTION (Eq. 21) 
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FIGURE 3.2 
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FIGURE 3.3 
PEAK TRANSMISSION POWER ZRROR FOR 


CONTINUOUS ANALYSIS OF SILDLE SELECTIVE NSTWORK 
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FIGUKs 3.0 


ANalyzer Indication Of xwecorded Comnonents 
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FIGUKS 3.7 


Expunded Indication cf Two .tecorded Comronsnts 
showing nesolution of analyzer 
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CHAPTER IV 
DISCUSBION C LOWS 


Discussion of Theoretical Results 

A besic analyzer theory has been formulated in Chapter II-A, and in 
Appendices B, C, and D. In general, the Theory provides ea basis for ansver- 
ing the questions raised at the end of Chapter I. 





time solution and the equel-sample analysis salution. The equations were 


derived by e qutlitative approuch., FPumdementally these are based on the 
fact that the excitation frequency sweep is very nearly linear while within 
the pass~-bemi af the high-Q selective network. The deviation from linearity 
is lese then 1/Q. 

A basic criterion for any automatic enelyzer is to complete the analysis 
in the minis possible time competidle with the desired analyzer character- 
istics. This basic need prompted en investigation into the response of a 
simple selective network to a nemrly linear sweep excitation function. 
Figures 3.3 to 3.5 correlate the results of Appendix B with other theoreticel 
studies currentiy published in the literature. Note that these curves are 
omly good for the range of KX indicated. For this analyzer a certain minim 
value of K is considered essential in order that secondary mesking does mot 
predominate. SBarber® concentrates on wider ranges in K and presents correction 
values for the various distortions wp te K'a lees than 1/25. Our plots are 
presented in order to provide a basis for estedlighing tolerable limits of 
€istertion. It is recommended that K be equal to or greater then 1.0. This 
should result in peak power errors less than 1.0 db for most selective 
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networks sts th would be used in an enalyzer of this type. 

Significantly, one of the investigutcrs?” investigated the response of 
the network indicated in Figure B.3 to a logeritimic frequency excitation, 
{All other references are concerned with lineer-frequency-sweep excitation, ) 
Penfield's circuit only had a Q of 5, fer which there exists a mocima de-~ 
viation from linearity of 20%. Nevertheless, band-width and frequency lag 
distortions are exactly predictable by the equations indicated in Figures 
3.4 and 3.5, while the peak power error is caly 0.2 db from its predicted 
value. (See Figure 3.3) 

Which miltiplier relationship should be used in the designed analyzer? 
Equal sample onalysic is a very desirable characteristic. This would avoid 
the possible time-distribution ambiguity in measinements discussed in 
Appendix C. Bquel semple analysis is considered to be en essential character~ 
ietic for the proposed snalyzer. Currently evailable wave analyzers do not 
achieve it amd this would be a big selliing-point in favor of thig constant~- 
percentage resolution device. Yet, it shovld be noted from Figures 3.1 ani 
3.2 that equal sample analysis sometimes requires excessive analysis time 
as compered with the minimm-analysis-time solution, Another solution would 
ve to increase the masber of frequency bends melyzed. However, increased 
muibers of filters and recorder channels tends to over-complicate what is 
basically a very simple device. It is anticipated that the wave enalyzer 
could quite possibly consist of « multiplier speed-time relationship made 
up in pert by segeents based on both ecunl~-semple-analysis and minimun- 
analysis-time requirements. 

Technically the equal-semple-enalysis aolution does not provide 
constant percemtege resolution since KX does not stay constant. Figure 
3.5 indicates that effective band-width becomes amaller, and percentage 
resolution impreves ea K increases. Yet for all practical purposes 
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constant-percentase resolution results, For a high-Q network the differ- 


ence in resolution for a frequency bani {se esall. 


The Influence of Mt) 

The speed-time relationship directly affects the averaging and indi- 
cating devices. This is clearly indicated in Figwe 1.1. 

Consider the indicator. The graphic recorder must know what frequency 
is being analysed at eny instant. It is desirable that; (1) the recorder 
tape have equal intervals of frequency divisicns, and (2) this tape be a 
pre~printed affair. For the minimum-analysia-time solution the recorder 
paper cen move at a constant speed. An asmlitude versus log f plot re~- 
sults. However, for the desired equal-vample-malysis solution the paper 
will not rm at a constant speed, but instead will foliow its own speed- 
time relationship, 

This complication extends to the avereging device. For example in 
equal sample analysis the 600 cps component remeins within the averaging 
device three times as long as the 200 cps commment. The necessary design 
requirements for the everaging device must be investignted, as must the 
basic philosophy underlying the averaging circuits for this analyzer. 





The tape for the one rum reported for different frequency components 
has not been analyzed eas yet by independent means. It le chvious that 
there is more on the tape then was suppessily recorded, An oscillicscope 
was set wp to muiter the output of the selective circuit before de- 
tection in order to insure that these extra signals were actwelly being 
imecsed on the selective system. This presentation corroborated the 
paper recomling. The presence of these eigmals can be explained by in- 
operative erasing during the recomding of the aignels. The tape sor 
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this analysis wes prepared by simultameow recording of the outputs of 
several audio oscillators and only the outputs were measured, not the 
components as actually recorded on the tape, The important thing for 
this sample is not that extra signals are on tho tape but the closeness, 
with which the several frequencies as recorded were actually analyzed. 

During the progress of this thesis {t+ was decided that an amplitude 
comparison could net be made for the rarious analyzed frequencies due 
to (1) the pulee variation due to the eccentricity of the shaft whereby 
the null of the pulse might add or subtract to the maximum response of a 
constent smplitude signal, end (2) insertion loss due to the air gap. 
Nevertheless it 1s interesting to note the rough correlation between the 
relative megnituies of the recording oscillators and those frequency 
components which did show up on the tape. 

AQ of 625 would give a ban@width of ehout 0.3 cycles at 400 cycles. 
Cleerly the reselution which was chteined is not this gocd. It is an 
importent fact that the Q of the circult based only on the half power 
points is a poor indication of the response of the system. Another im- 
portant feature of & resonant circuit is the neture of the resonant curve 
outside the bamipaes. These skirts covld exsily lead to the pocrer 
resolution as obtained with this analyze. 

Actually such a high vulue of Q would not be necessary for vave 
emalysis since a resalution of 1% is nemealiy acceptable. The Q in 
this case wes set high beceuse it was desired to have a K parameter 
valve of ebout 1. With the free ruming case it was necessary to set 
the Q up. Due to the difficulty in reading the General Radic frequency 
mater dial at the resonent frequency cf the tuned circuit, it is esti- 
mated thet this Q could be in error appreaching 100%. However, this 
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value af Q would not explain the poorer resolution cf the analyzer as would 
be expected by a resonant system apecified only by its @. From the ex- 
pended indication of Figure 3.7 which wes obtained on the fast speed of 
the recorder, it can be seen that ancther frequency component seperated by 
two cycles vould be resolved. This would correspond to a resolution of 
approximately 0.3%. The absence of the frequency component at 686 cycles 
per second can only >be explained by the act that the component was not 
actually recorded and not that it was obscured by the frequency at 696 
The higher frequencies which were supposedly recorded on the tape 
would not shov up to eny large extent. This fact is due to the rapid 
change of disc speed at the analysis of these higher frequencies (or low 
dige speed) This fact is not immediately obvious from the speed time 
relationship of Figure 3.5 but could be seen by the rapid variation of 
the butt joint markers in this range. Consequently the explitude of the 
reproduced signal veuld be attenuated due to (1) ea peremeter value of K 
less than 1,00, (2) am increase in the insertion loss at higher recorded 
frequencies end (3) the normal low frequency drop off of a recorded signal 
when the receried wavelength approeches end exceeds the dimensions of the 
reproduce head. Without belaboring these results any more, it is felt 
that an accwrate enelysia using this device cold be made fran the view 
point of frequency alone and under certain conditions the eavplitule of 
various frequency ccesponents could be measured within tolereble limits. 


The experimental investigation of the antlysis brought out several 
reat and important drerbacks in the equipment which woule be necessary 
for this amalysis. The first ie that it is necessary to maintain ccn- 
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tect between the reproduce head and the tape end at the very least, any 
airy gep should remain constent for the entire length of aample vhich is 
being analyzed, Any air gep is acccepenied with a considerable equaliza- 
tion problem if it 19 desired to analyze eny moderate range of frequencies. 
The aecond essential disadvantage of the enalyzer is the necessity to 
achieve accurate speed control of the dise or tape. With these inherent 
draybacks in mind a reassesement of the entire wave analysis problem wes 
made in order to determine if some conerete conclusions might be made. in 
particular the features of this enalyzer were compared to a conventional 
heterodyne type amalyzer for the desirable characteristics of an analyzer, 
The results of this reassessment are civen belov: 


Characteristic Heterodyne Variable Speed Tape 
Mexizum resolution Fasily accomplished Easily eccomplishedc 
Constant percentage Would require some Inherent 
resolution device which would 


vary the Q cf the 
resonant system “9 
the resonant fre- 
quency were varied 


Automatic operation Can be accomplished Inherent 

Minimm anelysis tine Would require inherent in thet 

with eutomatic operation multiplication of mailtiplication of 
frequency of os frequencies te in- 
te take atvantage of herent. 


faster analysis possa- 
ible at higher resonant 
frequency 
Asdiguity problem Easily accerplished Cem be mate inherent 
by magnetic tape 
storage 
Prom theese results it is seen that the variable speed magnetic tape 
analyzer inherently embodies many af the desired characteristics. fHowever., 
not a1] these cheracteristics are desired et the same time and the results 


must be considered from the viewpoint of ome or two specific characteristics 
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for some applications. Nevertheless, the feature of using mametic tape 

and multiplying frequencies in iteelf makes mamy of these other character- 
istics easily obteineble, A corresponding characteristic for the hetero- 
dyne would require a snxh more elaborate device than is used now. Con- 

sequently, it is concluded that any mere elaborate equipment could just 

as well be put into makimthe variable speed magnetic tape work properly. 

In truth the equipment for the variable magnetic specd analyzer need not 

be more elaborate than that which was used in this investigation, it need 
only be mere accurate or fumetion more accurately. 

A summery of conclusions is given below: 

(1) Prequency measurements with good accuracy and with good 
resolution are possible provided that the frequency conm- 
ponents of the sample to be enalyzed are of the sane 
order of magnitude. 

(2) Measurement of the amplitudes of various frequency com- 
ponents accurately can be made provided the problems cof 
air gep variation end tape speed variation cen be solved 
by more precise experimentation or by different equipment. 

(3) Squal semple time ennlysie would require a detailed in- 
vestigation of possible averaging devices and indicators 
to displey the information. 

(4) The butt joint is not a factor in the analyser provided 
that there ie a sufficient length of semple. 


Recommendations 
(1) Further stuly should be made cf what types of recorded 
semmples this type of device can measure. Analysis was 
made an the bosis of simwoidal impute. 
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(2) 


(3) 


(4) 


Investigate the possibility of using a loop of tepe 
which would be transported across « reproduce head 
rather than effixing the tape to a drum or disc. 
Further investigation of the possibility of letting 
the drum or driving mechenism slow cewn due to its 
own or artificially introduced demping. This would 
involve determining an adequate meens of presenting 
of the derived information. 

Investigation be made of a device which would per- 
mit averaging the response of the selective system 
when equal semple time analysis was being used. An 
indicator which would present this information should 
also be investigated. 
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APTENDIX A 
NOMENCLATURE 
equais fo" (sec) 2 
. u 


the spacing introduced between reproducing head ent mametic 
medium; inches. 


the excitation function of the selective network. 
the recorded component being analynved at time t; cps 
recorded frequency components; cys, 
reproduced frequency components, i.¢. the mitiplier output); cps 
the mid-bend frequency of the selective network, cys 
the lower cut-off frequency of the selective network; cps 
the value of f for t equals zero, cps 
the upper cut-off frequency cf the selective network; cps 
the unit impulse response of the selective network. 
2 
equals Ca y cycles, 
wn/ar * 
f. 
length of recorded sample; seccnis or eyes 
the multiplier speed time relationship. 
takes on values 0,1, 2, ... 
f 
eqale = 
the response of the selective network. 


the instantencous multiplier speed; inches per second. 
the multiplier ve 





at t equals sero; inches per second. 
the constant recording speed; inches per second, 


decibels, 
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the bend-width of the selective network; cps. (equals f° f,) 


the inerenant of tine any component f, must remain within the 
yass-bend, seconuis, 


the effective playback gap length fer the reproduce head, inches. 
the logaritimic decrement. 

the angular displacement for t equals zero, radiens. 

recorded wavelength; inches 

enguler dimplacement;, radians 

the build-up time for an ideal bend-~pass selective network; seconds. 
angulax frequency; radians per second. 
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The basic system hes been described in Chapter II-A. (Gee Figure 
2.1~-2.3) It bas deen assumed that the system input can be represented 
as & series of n discrete sinusoidal ccompcnents, emh of frequency 
fan’ The output of the multiplier is then ea series of frequency mod- 
ulated components, foi*)- The multiplier function can be expressed 
in terms of the instantaneous reproduce speed, S(t), and the fixed re- 


cording speed, Ba: 
H(t) = ~ (1) 


A fvmdemental multiplier relationship exists: 


t,(t)* = fmt) « f,, ~ (2) 


fixed selective network as follove 
e({t) a E cos @ = B cos (Ht = £ cos (aat, (t) lt (3) 
where E = constant magnituile 
@ =~ angular displacement 
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The initial step in the logical development of N{t) is the deter- 





mination of a minimm-snalysis-time aciviios. This releticnship is to 
be fined only by the characteristics of the selective network. Zach 

derived component, f,, is to remain within the pese~-band for the mini~ 
mum time for acceptable analysia, This condition is based on the re- 

quirement that the cutpet of the selective system remain within 
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Where evbseript n tekes on values 0, 1, 2, ... 
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certain tolerable limits of amplitude end frequency distortion. 

Absolute minimm analysis tine would result if: (1) —s equals a 
constant within the pass-band for all values of f(t), and (2) this con- 
stent sweep rate is criticel for the selective network consistent with 
tolerable emplitude end frequency distortion.?* 

In the treatment which follows, M(t) is evalueted by a qualitative 
approech initially. Finally, the nature and magnitude of the errors in- 
valved will be determined. 

For an ideal, bend-pass selective netyork, the build-up time, 7 , 
is related to the width of the resonant response curve at the cut-off 
requexcies, Af, as follows® 

Te &. (4) 


lat us asevme that the time, At, any component 7, mut cemein within 
the pass-band is proportional to the build-up time. 


Atak Te & (5) 


K = @ pure numeric (cycles) 
This certainly will provide a specified minima distortion, providing 
K is mage large enough to satisfy the critical excitation sweep rate. 
Whether this relationship will provide the absclute-minimm~analysis~- 
time solution depends upon the sweep linearity within the pass-band. 
Divide both sides of Equation 5 by Af anid invert. 


Tan, = fas)" (6) 


The fundemental multiniier relationship hes teen expressed as 


f,,4*) a ft) =f. - : (2) 
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Differentiate Equation 2, considering tan constant. 


“on _ ‘an a8 (7) 
a °s @ 

For this enalyzer 
TS = tS = £5, = constant (8) 


f = the recorded component, fon? being analyzed 
at time t (when faft) = tf). 
S = ths value of 3(t) at time t. 


f 


1 = the lower cut-off frequency of the selective 


network. 
fh =a the upper cut-off frequency of the selective 
network. 
£, = the value of f at t = 0 (hence, f,= f,,)- 
S, = the value of § at t = 0. 


Therefore, Equation 7 can be expressed as follows 


af £ 
@ 3s - (9) 


Let us essime that 
af 
ao: mae (20) 
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or, 


oct 


8(t) = S, 8 (11b) 


2 
where co 
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Furthermore, use of Equation 8 allows this relationship to be expressed 





es 
Kf 
u f L 
t=» ln * lu (12) 
(at )* ft, . f 
Equations 11b and 12 heve been non-dimensionalized and plotted in 
Figure 3.1. 
We can now determine the error involved in the approximation of 
af 


Equation 10. The generel expression for a is obtained from Equation 
Te Specifically, 
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“a ~ _ a = ¢ on’ *) (13) 


Let us investigate the specific region of interest: f,< tuin* ‘. ‘ 


~- cf, = - Gr 


But, this equale - & tron Equation 6. 
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Hence 
af 


— :. 


f, =f 


bi U 
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It can be seen that the maximm error invelved in the original asswmtion 
eceurs when a = f,. Fron Equation (13) 
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The deviation from linearity can be expressed as 


- ine (1%) 








Since this system will employ a high-Q selective network, the approxima- 
tion of Equetion 10 is a valid one. 

wo characteristics of the sweep rate for the minimm-anelysis- 
time solution should be noted, First, when f(t) equals f , the maxi- 
mum Value of —bs occurs. Furthermore, this maximum value is constant, 
independent of the value of f, . 
derived cazponents is less than a certain critical value when f ont *) 


Therefcre, if the sweep rate of the 


equals f w tolerable amplitude and na distortion will exist 
throughout the analysis. Secondly, <2 is approximately equal to 

- & within the pass-band of the selective netvork. These tvo quant: - 
ties are exactly equnl at the upper cut-off frequency, and have meximum 
deviation at the lower cut-off frequency. The maximum deviation fron 
linear frequency sweep is slightly less than 3 ; 

where i. fr 


f 


Qa —— x 
Aer 


te 


= Mid band frequency of selective network 
A Linea: tinlier 

To aseist in the selection 4 N(+t) a linear speed-time relationship 
will be investigated. Let us continue the intuitive analysis of 
Chapter IT-A. Figures 2.2 end 2.3 represent the general physical re- 
Lationships involved. These can be repleced by Figures 3.1 end 3.2 


which deseribe a specific linear multiplier, Note that for this case 
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FIGURE B.1 


A LINEAR SPEED-TIME RELATIONSHIP, N(t) 
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FIGURE B.2 


LIN@AR FREQUENCY MULTIPLIER OUTPUT 
AS A FUNCTION OF TIME AND RECORDED 





ton{*) is elways linear. Jlowever, its alope is not of constant magnituie, 
but is a fumction of the value of the recorded component belng analyzed. 


That is, 


ar af ar 
bo f° bn 
“at < “at 8 8a 


Of an Ct 

Although a is the critical sweep rate, all other values of a 
IX 

will oversatisfy the characteristic time requirements of the selective 


network . 
We are interested in determining the fumction M(t) which will satiaty 
the following requirements: 
(1) It must be ea linear speed-time relationship. 
(2) es, must equal the critical sweep rate of the selective 
TO 


network. 
From Equations 7 end 13, 


df (rf) 
2) « —imex © | 
( neat S. at fy 


Hence, t t 
[ea { dt 
S an max J o 


© 
end, 
(+) a. eft ’ , 
t)2xS -«- | t~2sS il - , 15a 
© (f J © 
en max an mex 
where 
fs 
S. = 3 


team fia 2 | (159) 
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Also, from Equation (8), 


Fan? ‘. 
ior l- > é (15e) 
Oo 
A non-dimensionalized plot of Equation 15 is presented in Pigure 3.1. 





The second step in the formulation of an appropriete multiplier 
fumetion is to consider those desirable features which might be inecrporated 
in this new analyzer. Previously we have only concerned ourselves with 
the limitations cf the selective network in order to obtain maximm re- 
solution within minimm analysis time. In addition it is desirable thet 
each analyzed component resain under scrutiny for the entire length of 
semple. This requirement would result in the energy reported at each 
frequency being essociated with the same analysis sample eas the energies 
reported for all other frequencies. Currently available types of wave 
emalyzers do not accomplish this feat. The possible embiguity in meesure- 
ments which can result is discussed in Appendix C. 

Equal semple enelysis can be described as 

§ At, z SAt = constant. (16) 


At, z= the time component to must remain 
within the pass~band. 

In the minimum-enalysis-time solution, At is constant, lmowever, S is 
continually decreasing. The analysis of the lowest frequency component 
traverses the entire length of sample. Om the other hand, higher fre- 
quency anslyeds cover progressively smaller portions of the original 
sample. This can lead to an anbiguity in measurements as discuseed in 
Appendix C. A similar apprateel of the linear multiplier relationship 
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indicates thet it algo presents wmequal sample length analyses. 
It 16 possible to evaluate N(t) in the qualitative feshion which 
has been followed previously. Equeticas 5, 8, end 16 cam be combined 


to yield 
8 At 
At = 2 feta oS (17) 
6 e 
Divide both sides cf the equation by Af and invert. 
(ar)*e,. (at)"s 
St * re * (28) 





(19) 
From Equation (9) and (18), 
(20) 
Integrating, 
or 
(Me) 
7 8 
S(t) = Tet : (ab) 
Similarly, 
tei (#-2). (2c) 
A non-dimensionalized plot of Zquation 21 is presented in Figure 
3.2. 


it is now possible to examine the error resulting from the approxi- 
mation of Eqvation 19. Differentiate Equation 2lb. 
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This expression can be substituted in Equation 7 as follows 


ef f ef, (+t) 
ee . # then »? oo (22) 


Let us exemine the region of interest: fy <§& wm < ty 


af ef eft yw 
ba f)*s 
ee 
ba lu 


But, this equals - & from Equation 18, 











Hence, 
* 
= 
ton f 
As in the minime-analysis-time solution, the maximm deviation from 
linearity cecurs at the lower cut-off frequency cf the selective net- 
work. From Equation 22 
af ef. 
= °- iat 
bn 1 
fhe maxims deviation from linearity is expressed as 
Te > Of 
ee af, f£-f, 
(Error). ™ = (23) 


Renee, within the pass-banmi the moximum deviation from lineerity 
is the seme for doth the minimm-analysis-time solution and the equal- 
semple-~enalysis solution, Its meximm magnitude is less than = . For 
all practical purposes, the sweep rate is linear since the analyzer 
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La 5. 
system vill. consist of e high-Q selective neotwork. 

Figure 2.3% presents a generel picture of the family of cecaying 
components , fant *) >» eveeping across a fined pmes-band. The minimm- 
analysis-time solution exhibite critical sweep rates at t. for all 
values of tf t). On the other hand, the equal-semple-analysis eclution 
has only ome critical sweep rate; this occurs for the derived component 
t(t) associated with the lowest recermied frequency component, f. 

ALL other values of t(*) will oversatisfy the characteristic time 
requirenents of the selective network. 





The excitation fimetion of the selective network, e{t), hes been 
described previously as 
e(t) =» RB eos 0 = E ece (40/at)t = EB cos Laut, (t) It = B cos la, (t) je 3) 


Fron equation (2) 
f(t) » tm) = t, Se 
r 


fable B.1 relates the essential characteristics of e(t) resulting 
from the three different multiplier relationships. In order to complete 
a oe Se a Se ee ee ee 
rate — oe a are provided. Since we ere only inter- 
ested in the critical rate for the linear multiplier, its tabulated 
characteristics pertain only to (f,) =f. Note that, wherever 
popeible, reference is made in the table to equations derived in the 
teat. 

It will be shown that it is weeful to empress & by a Macleuwrin's 
Series for the short time interval abcut t » ©. Three such serier are 


presented in Table 2.2. 
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sin (0-90) 
cos (af) 
cos @ cos 8 
sin @ cas 6 
sin (a-B) 





TABLE 3.3 





- cos & 
cos a cos 6B + sin « sin § 

& cos (a-p) + & cos (a + 8) 
& sin (a + A+ & ein (a - p) 


sin a cos B ~ cos & sin B 
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Thecreticel Bvaluation of the System Response 

Reference has been made to ea requirement that the output of the 
selective system remain vithin certein tolerable amplitude end frequency 
distortion. Fram Table B.1 the criticel eweep rate for three possible 
relationships for M(t) cen be expressed as 


(Sate ME 


eritical 


‘ oe critical ; (Se) 


It will be shown that the amount of distortion present ie a fumction of 





(2) 


the value of K. In order to evaluate this distortion, it is necessary 
to determine the system reaponseto an excitation fumetion. This cen 
be accomplished by application of the superposition theorem’ .® which 
describes the response of a linear system to en arbitrary excitation 
Function in termes ef the response cf the system to a mit impulee. 


This theorem tekes the form of the real comrolution integral 
t 


r(t) = fan n(t+T) aT (25) 


med 


r(t) = the response of the systen. 

e(t) = the excitation function of the system. 

h(t) = the wit impulse response of the linear system. 
Yhe analytic treatment of this integral can turn out to be extremely 
difficult or practically impossible. However, a grephical treatment 
can be applied in such cases, Gardner and Barnes’ describe the basic 
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procedures involved. Such an evaluation is very useful, but it is also 
very time cemsiming. 

The following emalyois is based upon a tystem which obeys a linear, 
second order differentiel equation. To assist in the enalytic treatment 
of Bquation 25, the specific ICR ciroult of Figure 3.3 has been selected. 
Similar results would be obtained by the use of any linear second order 
system. The impulse response can be determined from Equation 25 in 
Figure B.G by use of Laplace Transform 1.303 from Gardner en Barnes.” 
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n(t) = (27) 
at 
or, alternatively 
@ e “oka 

n(t) = Ge Bin (apkgt - 9) (272) 
where 

y= tan * Vyoey 

Ky = ¥ 

kp iy e k,* 


In order to evaluate comvolution equstion 25, it is necessary to 
describe tee excitation fumction. Table B.2 indicates that for the two 
non-linear multiplier fumetions, the first three terms tn e Maclaurin's 
Series of & are identical to a linear frequency sweep. Furthermore, it 
has been shown that these functions exhibit very Little devietion from 
& linear frequency sweep. {A high-Q selective network exists.) Therefors, 
the excitation fumctions can be represented as 


e{t) ~B ene (€ +a t- a, 2) (23) 
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Figure B.3 


The Selective System Used For Response Evalustion 


R 
Se * 
ae C i; a 
z (8) = BE, (8) 
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1 @ RCs ¢ “ts 
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therefore, 
7 ¥ B,,(s) 
B,(s) a 2... 126) 
Q Cs +w/ 2a} 7 [ w VA = 1/4Q°} “i 
where R 
Q * 
lw 
oO 
1 
eo. 
Ic 


KFin(s) = 1 for unit impulse 
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Substitute e(t) and h(t) into Equation 25. 


’ Cat 


B 
r(t) = a ‘ cos ( +a 7 - ae 7%) ePokalt-") ein [agkalt-) - ¥)ar (29) 





For derivaticn purposes it is act necessary to terminate the series 
expansion in ¢ to a t® term as is done in Equation 2. Hok*° presents 
@ general procedire for solving any transient frequency-meduleted signal 
that can te represented by en excitation vector of the form 

e = E am (J fo, + *(t) }) 

However, this method requires extensive use of the Fresnel integral, which 
has not been tabulated to any appreciable extent for complex variables. 
Gn the other hand, once Zquntion 28 is limited to the indicated series 
expansion, we are confining curselves to the study cf a linear-frequency~ 
sweep excitation. The basic evaluation problem posed by this type of 
excitation for a simple selective network is not e@ new one. We attempted 
several, seeningly-original approaches to the breakdown of Equation 29. 
However, closer examination of cur solwticns indicated otherwise. Each 
approach was merely a variation of one or more procedures contained in 
recent literature. One of these solutions is presented below in order 
to provide a better understanding of the basic phenomena involved. This 
approach represents a modification of Barber and Ursell's® campetent 
study of a mechanical analogy to our system, which is a variable-speed 
optical analyser emloying a resonant vibration gelvanometer. These 
authors provide two methods for evaluating Equation 29. The first is 
exhaustive and determines an upper limit to the errors involved. Although 


a ee ee 


* 
These papers are reviewed in Chapter I. 
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the second method 24 more superficial, 1% Svggests «a physical picture of 
the veaponge. For this reason the following mmelysis parallels the latter 
approach to the problem. 
For ovr weve enalyzer Q is very large. Yor this case 
¥ > 90° 
Ke = 1 
Therefore, from Trigonometric Identity 1° 


-w @ eomat 


n(t) * ae COB wykgt 





SS, 7° 
Auo-E 

Next, the excitation e(t), whose frequemy is slowly chenging, may 
be regarded sa the eum of two components of constent frequency, =, vhoee 
amplitudes are slovly changing. From Prigememetric Identity 2, equation 
28 can be reoresented as 

a(t) = A cos ( € + wt) cos (St) + A oin { < + at) sin (SE) 
The effects of these two camponents will be coneidered by seperate sub- 
stitution into Convolution Eawstion 25. 
a t 

elt) = Bf elec (SEY ene (€ + oT) con alt -7 aT 


Identity 3 sllows this to be expressed as 
t 
rg(t) « Sf gealt-T) 4 (SE) feos (< + wt) + cos ( <4 QaT~- ot)aT (30) 


Only the second term within the brackets of Eeumtion 30 varies repidily with 
. Ef we write fer this term its meen value of sero, 





td 
ALL trigenometric identities are listed in Table 5.3. 
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oA 4 _ sais £ . wat, i cb 
ri{t) = a 008 (€ sat) e 3 J e * ces (ear (32) 
-™ 
| ry(t) = = eos (€ + wt) X, (31a) 
Similarly, 


t 
rt) o BF oealt7) gin (SE) sin (€ + oT) cos A t-7AT 
By Identity 4 
¢ 
reg(t) = al oelt- a (BE) {sin (€ + wt) + gin (€ + avT- at) lat (32) 
Using to sane argument as in Equation 31 above, 
t 
ra(t) = 3 sin (€+ at) a 27 gin (DE) ar (33) 


re(t) = S sin (€ + ot) Yy 


(33a) 
where X, and Y, are factors which cen be considered es amplitudes which vary 
Slowly with time. 


The above expressions can be combined to yield 


x(t) = r2(t) + raft) 


“= [Xy cos (€+ at) + ¥, sin (€ + ot)] 


(3) 
x cos : 
> 2 f © eka (8-7) (SO ar ( 3he) 
Yy ~ sin 
if we change variables so that 
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Le f . eS os (t + un) Faw (3b) 
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Equation 3 reletes the resonant frequency end the instantaneous 
frequency cf oeclliation. It is also ccuiventent to study the excitation 
frequency, ¢ Fe . We cen define two new variables X aad Y where 

Ky = + (X coo & cwt® + ¥ in 5 cnt®] 

Y, = -X sin ¢ ewt® + ¥ cos & cut® (33) 


If these relationships ere substituted into Bquetion 34 we see from Identities 


2 emi 5 that 
n(t) =» Sy sin (€ + ot - So) ~ x aos (E+ ot - BE) 
<x sin @ (t) ~ X cos @ (2) ] (36) 


where 
rag fo wos (cwtu - 3 con®) au 
o 


rai f oH san (oot - } conten (368) 
© 


Kwmaination of Equation 36 Indicates that the system response is the 
sum of two cseillations whose frequencies vary like the excitation frequency 
amd whose emplitudes vary slowly with time. In equation 3+ we see that 


a, 2A Fs DC 

SG & [= m | 
is & measure cf the differense between the rescnent frequency and the 
imetemteneows frequency of oscillation. (On the other hand, Equetion % 
illustrates that the difference betvern the excitation frequency ard the 
instentenecus frequency of oscillation cen be indicated by 
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Eapressions 34 and 36 are equivalent. Both lead to the sume value for the 
emplitude of the response, R. 

R= [x* + yey" « [X,* + 1,2)"" 
With the eid of the Admiralty Computing Service, Barber and Ursell have 
plotted envelopes of this trensient resonance.*;> Their results, with ep- 
propriate changes in notation, are presented in Chapter IT-A. 
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Appendix C 


AMBIGUITY IN WAVE ANALYQIR MAASUREMENTS* 


a, oe 


It hag, for seme time, been recognised that spectrum analyses matic 
by currently availeble types of wave cnelyzer apply to wave energy vhich 
is varying in charecter dwring the analyeig. In other words, the energy 
reported at cne frequency is not associated with the seme semple cf the 
Phenomena analyzed as the energies reported for other frequencies. It 
is the purpose of this memorandum tc exemine briefly the nature ani magni ~ 
tude of the errors likely to eppear in sound enelyses made by instruments 
of this type. 

The oscillograph forming part of Figure C.1 shows, as « fumetion of 
time, the cutyut of a bend-pess filter when respomiing to the underwater 
sounds cue to the propeller cf a pessing shin. The ovtput of this filter 
is restricted te components the frequencies of which lie in the half 
octave between 212 end 300 cycle/sec, Am exemination of the outputs of 
Yilters passing bends om either side of this indicates treat during those 
time intervals for which a large respomme is reported the energy spectrum 
for this bend may be virtually continucus and that the energy distribu- 
tion may be nearly miform. There is, of course, no assurance of this, 
e trace haying thin general appearance would reeult from a component 
having a moninal frequency of 250 cycle/sec, but modulated as indicated 
by the envelope of the trace. 

For the frequency renge here wder consideration it ie customery 
to upe om enolyzer heving a fixed band width of Af «= 5 eycles/sec. If 
this system is to respond properly to easy change in energy level it i 





te 

Tre Gisewesion which follews is due te Doctor J. W. Horton of the U.S. 
Hevy Uslervater Sound Leboratory, Port Trumbull, New Lomion, Comnecticvs. 
(Reference 11.) 
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FIGURE C.l 


RESPONSE OF BAND-PASS FILTER TO UNDERWATER 
SHIP PROPELLER SOUNDS 
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necessary that each component remain within tie pass bani for et least 
At = 1/5 see. Tata fixes the rete at which the spectrum may de scanned 
at 4f/A¢ = 25 cyele/sec*. Now let we sanwee that the time interval during 
which the system fs reerensive to a ctaponent having e frequency of 212 
cycle/sec is the 1/5 sec between the times t. and t, marked on the 
cacilicgrem. The time interval during which it would be responsive to 
a component having a frequency of 222 cycle/sec would then be the 1/5 sec 
between t ami t,. If it ia indeed a fact that the increase in total 
energy showa by the oscillograph to cccur between t. and t, results from 
an incress#e in the euergies of all components within the half octave 
being analyned the respense of the selective system will show en increase 
édwring this iwterval. This increase wild be reported as being essoclated 
with a frequency of 212 cyele/sec but arb with eny particular time. If, 
dwring this game interval, the systex had been responsive to any other 
frequency within the half cctave band lt would have shown a similer 
inereage in responec, During the tim: interval between t. and t, the 
selective system will, wiier the conditioas represented by the diagram, 
show a reduced response. This will be reported es associated with a 
frequency of 222 cycle/sec. This system would, however, heve show 4 
low resninge for this time interval if its selective systen had been re- 
sponsive to components at any other portion of the frequency spectrua, 
In & Sinllar muumer the time interval during which the system is re- 
syonsive tc a component having a frequeacy of 232 cycle/sec is the 1/5 
sec between t. and t.. If, again, the increased filter output eccurring 
hewe represents an increase in the arvunt of energy associated with all 
components the anelyzer will, once moss, show an imtressed response, 
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TOS 
Row, however, thie will be associated with a frequency of 232 cycle/sec. 
As the enalysis continues, there will be a eimitlar increase in the re- 
sponse, these will be associated with frequencies of 252, 272, ane 292 
cycles/sec. 

The complete analysis, in other words, appears to show that the 
energy present in the output of the filter is concentrated in five con- 
ponents, spaced by 20 cycle/sec intervals. This may be very far from 
the truth. In any statement purporting to specify the manner in which 
energy varies with frequency it is expected that the data associated with 
oue spectrum interval apply to the same ssamle of the phenomena as do the 
data associated with other spectrum intervals. In the case here wider 
consideration this would bé equivalent t© a statement specifying the 
results cf simultaneous observations of the outputs cf a series of 
selective systems, the 5 cycle/sec bends of which cover the entire half 
octave passed by the original filter. If such observations, or their 
equivalent, were tc be made it might well be found that more energy ves 
associated with a frequency for which the analyser reported nc energy 
than for a frequency which, by pure enence, happened to be scanned at 
6 time when all components were pessing throuweh energy maxime. 

In the original oseillogram we have information reletive to the 
time verieation im the rate of flow of the total energy for all compen- 
ents within the half octave band, With respect to the energy within 
euccessive narrow intervals of the spectzw:, however, it is impossible 
to determine fran the data presented by the analyzer to what extent 
conserved changes in energy magnitude are due to changes in frequency 
or ta what extent they are due to changes in time. 

in the case postulated the rete at which pulses of acousti- 
cal energy oceur may be computed directzy fram the information cbtained 
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by Ze sowed analyser. Knowing that the frequency spectirwn is scammed at | 
u rate ef 25 cycles/seo® ani cbhaerving tivuit response maxim occur every 
20 syele/sec, it ia evident that there is e maxim every 0.8 sec. There 
eve, in other words, 75 pulees/min, This is in agreement with a ccunt 
made against the time seele of the oscillogrm, 

It is imteresting to exzmmine the manner in which the situation de- 
sertbed above ig affected by a change in the resolving power of the 
amalyner. Syppose, for axumple, that the band width of the selective 
esyater: is increased to Af = 10 cycle/pec;, the time required for thie 
syaten to reapend to any change in energy Level ig then At = 1/10 sec 
eax the spectrun my be ecagned at a rate of Af/At = 100 cycle/sec®, 
Let us wesuae, as before, that the tine interval between two successive 
energy maxima in the filter output is 0.8 sec. At the increased scamming 
rete the spectrum iwberval sconmec curing this time interval will be 
© cycle/see. If, therefore, the syeten is responsive to a frequency 
aft @22 eyele/sec during the time interval ecineiding with one energy 
meoximm, 1% will be responsive to 202 cyele/rec during the time interval 
ecimeiding with the next succeeding maximm. The analyzer will ncw 
report that the energy output of the filter is concentrated in two com- 
ponents, separated ty an 8 eycle/sec spectrun interval. From this 
it is evident that when the specing of response muximves is due to a 
time variation of energy rather than to ite frequency cistribution, end 
ween the scamming; vote is maintained at the maximes value at which the 
selective system can properly respoml te changes in energy level, the 
Length of the spectra: interval reported between response mexivum will 
vary ac the square of the bend width. 
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APPENDIX D 


SAMPLE LENGTH CONSIDERATIONS 


The theoretical length of sample required for proper analysis can be 
evaluated from relationships formulated in Appendix B. 
The theoretical minimus length af sanple, Lin? is determined by uae 
of Equation 16, 
5 At, 
Lay, (seconds) = a (37) 
5. » the multiplier speed at time t equals 0. 


At, = the time interval during which component feo must 
remain within the pase-bend for proper analysis. 


.* the constant recording speed. 
From Equations 4 end 8 we know that 
K 
Me * (4) 


fs 
s,, “ 7 (8) 
Subetitut these quantities into Equation 37. Then 
f 
Luin (soeomad = 2 (5) (38) 


er 
“? bmn / at 


..* the upper cut-off frequency of the selective network. 


fo ™ the recorded frequency component being analyzed at 
time t equals zero. 


Af «2 the banéd-width of the selective systex. 
f 


ie » & meesure of the percentage resolution. 
© 


u f 
For a high-Q system nr - par - Al/2 % error is involved in this approxima- 
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Ves 
Note that the theoretical minimm length of sample cen also be expressed ag 


Lancyeles) = “a ( 38a) 
Assume that a one percent resolution is desired. For al - 1000 
cycles per second enalysis-band, 100 x K seconds of sample tape is required. 
However, @ 100 ~ 100,000 cycles per second analysis-band requires only 1 x K 
seconds length of tepe. 


An Alternative Approach 
The direct approech presented below is based on a procedure suggested by 


Doctor J. W. Horton. The analysis is included since it tends to tie-together 
the quantities At and L ,.. 
The logerithnic decrement of a resonant system is defined as 


sein Zt 
2 
where = is the ratio of the amplitude of any two successive cycles: 
2 


Yet, on pege 139 of Reference 30 we see that 


& = ‘ 
where t, 
°-F 
By combining, 
Hence, 





I 
Here 7 16 the ratio of the enplituie et the beginning of an interval 


all seconds duration to the amplitude at the end of this interval, 
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‘hat is, consider en interval propurtionel to the reciprocal of the band- 
width of the selective system 


red 
ls esx 


a 
1, = 0.0433 i, 
Considering the build-up of current in & resonant system, the current vould 
reach 95.7% of ite final amplitule during this interval. 
The number of cycles required for this change is given by 


in ge Bes 


nzQ 
This hows that the time requirement of Equation 4 is equivalent to saying 
that the semple must contain Q cycles. SBguation 38a is equivalent pro- 
viding K equale l. 





The butt-weld joint influences the semple length es determined in 
Bouation 18, Beranek* points out that the butt-weld ie usually of in- 
sufficient Length to effect the analysis providing playback time for 
the iscp is greater then a second or two. We have seen that a certain 





. | 
This is Equation 4& cf Appendix B. 

Re 
An interesting correspondence exists between this result which indicates 


~O.4 db power error for K = 1 ? 
power exxor for K = 1, “is end Figure 3.3 which predicts -0.5 db 
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rinimga number of cycles must be considered in order to achieve a proper 
enalysis, The relative location of the joint and the reproduce head for 
e given analyzed component can prevent achievement of the required At. 
This butt-weld limitetion results from a 180 degree phase shift intro- 
duced at the Joint. Let us arbitrerily increase the sample length by 
a factor of two) this eliminates the 180 degree phase shift problen. 
Therefore, let 


L (seconds) «= so (39) 
BO 
2xkft 

L (cyeles) = “3 (39a) 


A partial method of circumventing erravs of this nature is for the analyzer 
operator to seperately investigate two different sample loops. These 
semples should be prepared with a 90 degrees phase shift relative to the 
location of the butt weld. If for a particular frequency, oe loop pre- 
sents & broed-band indication and the other loop exhibits a peak indica- 
tion, the operator is made eware that a butt weld anbiguity exists for the 
broad-bend indication, 
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Introduction 
This eppendix gives in more detail a description of the experimental 


equipment. Some of the more pertinent factors in experimental procedure 
ere described. The last part of the mppendix discusses other equipment 
which will eccomplish the same functiona as she equipment actually used. 





The heart of the problem and of the wmicue feature of derivation of 
enalyzer frequency by miltiplication is embodied in this essenbly. Pigure 
E.1 is a general view of this assembly, shoring also the DC driving motor 
essernoly and tachometer. Figwre £.2 shows deteils of the reprodiwe head 
mounting. The disc weed to transport the tape was 9.00 inches ln diameter 
end was fabricated from brass. The disc had g minimum rum-out or eccentri- 
city cf .CO17 inches as meesured by a diel indicator. The mininun used in 
this comnection refers to the fact that various amounts of run-out vere 
possible by varying the relative angular position of the disc end the 
shaft which turned the disc. Meturally the minimm run-out was used. 
Three pulleys on the disc shaft and three corresponding pwlleys on the 
dviving shaft permitted speed changes of 104, 1:1, and 0.5:1 between the 
driving shaft and the disc. 

Ko little tawuble was encountered in attaching the tape to the dise 
and in setting the face of the reproduce head at the closest possible 
distence from the magnetic tepe. The trouble in conmmection with attach- 
ing the tape stems from the fact that the glue wider the tape caused an 





“he basic @ige and reproduce head asseably were provided by the Recording 
Branch, U.S. Navy Underwater Sound Laborstory. 
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uneven surface cf the tape, A number af various glues were used including 
normal household stationary glue, Duco household cement, leather glue thinned 
with leguer thinner, and rubber cement. The last glue wes by far the dest 
for this use, but even then an wmeven agimface was obtained. As measured 
vy a dial indicator, irregularities of the order 0.0002 - 0.0004 were ob- 
tained. In addition, care had to be taken lest an imperfect bout result 
in blister like separations of the tape and the disc. These blisters would 
not shew up on the dial indicator but would nevertheless be present, par- 
ticularly when the dise revolved. The rubber cement was thinned slightiy 
with lecquer thinner in order to obtain a more wmiform spreading ef the 
glue, dub in sush instances the blisters became excessive. A rather uniform 
thickness cf the cement was obtained by revolving the diec while holding 
a brush vet with glue up against the periphery of the disc. By carefully 
working the tape from the centers towards the enda, squeezing out the 
excess glue, ond by insuring thet there was good aédhesion over the entire 
circumference of the disc, an acceptabie bound of the tape to the disc 
was obtained in the light of the amowt of inherent run-out of the disc. 
The butt joint was placed at the low point of the disc. 

Several attempts were made to position the reproduce heads so that 
it vould just touch the tape at the high point of the disc. However, 
the heed tended to tear aff the tape when ectual contact vas made. In 
addition it wes feared that this repetetive solid contact (the tape acting 
ao & poor cushion between the head and disc) might permanently magnetize 
the reproduce head. Thus a deliberate gap was introduced between the 
tape on the disc and the reproduce head. This gap was less than 0,0005 
inches as indicated by a feeler guage. 

The reproduce head used was a Brush Magnetic Recording Campeny 
EK ~ 919A with the following characteristics: 
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Pole width 120 inches 
Pole face gap .0005 inches 
Total coll resistence 120 ohms 


Totel impedance at 
1800 cyele sec 1950 olms 


Total impedance at 
4,000 cyele/sec 37, COO chme 


Mexinun cutput level 
at 1000 cycle/sec 
ent 7.5 imehes/sec 0.00% volta with red ox 

Tie effect of the eccentricity of the dise is shown in an cscilloscoge 
phetegraph in Figure 2.2. This pieture ia of the output of the tuned cir~ 
cult for a frequency of 1920 cycles per secon’, The recorded frequency 
was 300 crcles per second. It can be eeem thet the veriations in air gem 
between the reproduce head and the tepe cewre a variation of about 50% in 
this case. A more imecrtent consideration is that the veriation between 
the high and lew points on the disc will in itself vary with the frequency 
cf the recorded component which is being enalyzed. The effect cf a higher 
reselvtion for the syetem ( a higher @) cen be also seen from these photo- 
graphs. The higher Q filter accentvetes the transient nature of this 
variotion. This figure and Figure 2.4 shew the effect of the butt joint 
on the response of the filter, The butt joint in this case was ebout 
0.008 inch. In several cases a butt Joint was obtained which resulted 
in an almost impercestitie transient, and when the butt joint was betne 
used to mark the revolutions of the d/se, it was necessary to enlarge the 
width of the butt joint in one instance. The effect of the irregular 
surface of the tape can be seem from Figure F.5 which is an oscillogreph 
of the recorded signal as amplified. The recorded frequency wan 300 cycles/ 
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FIGURE E.3 
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secemd and the disc wes being rm at a speed vhnich made this frequency 
look like 1950 cycles/second. The amplifier noise level and a 6 cycle/ 
gecond reference are also showm. In this case the butt joint did not show 
up but the effect of two blisters did. These two transients were shown not 
to be related to the butt joint by noting in which part of the disc revolu- 
tion these two transients occured and then noting when the butt joint came 
up to the reproduce head, Two blisters were seen to coincide with the 
position of these transients. The tape used for this photegreph was 
several days old end some of the rubber cement had dried without holding 
the tape to the disc. In many cases no blisters vere present. 

It was thought that the effect of the variation due to the eccentricity 
of the dise and the effect of irregularities of the tape surface might 
be lessened by setting the reproduce the head back from the tape. Thus 
the ratio of the air gap maximum to air gap minimm would be decreased. 
Figure E.6 shows the effect of increesing the air gap. Transients due to 
olisters have been acceirrtuated rather than decreased. At a air gap of 
0.017 inches the variation of the eccentricity of the dise has not been 
effectively smoothed. At a larger air gap setting the noise of system 
has overcome the signal, and it does not appear that the variation of the 
signal due to the eccentricity of the disc has been smocthed a sreat deal. 
In these three photographs of Figure E.6 the megnitude of the signal can 
not be caspared since the gain of the amplifier and oscilloscope has 
been adjusted to give en indication which could be photographed. Actually 
the ettenuation associated with a large alr gep would require more gain 
end would result in a smaller signal to noise ratio. 





The description and analysis of the Ward-Leonerd system for speed 
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contiol are adequately covered in the literuture.°*,55 Figure Z.! shows 
the arrangement by which the motor of the Ward-Leonerd system drove the 
dise assembly. The motor used was en Oster, type £75, 115 volts, 3650 
RPM, 1/20 horsepower, shunt wound, The generator of the system was the 
sene, The emplifier used with the system is shown in schematic form in 
Figure E.7 end £.8. 

It was originally planned to drive thie system as a servomechanism 
with the error signal being derived by comparing the ccntrol signal to 
the speed of the motor as measured by a tachometer. Figure £.1 also 
shows a techameter mounted with the motor. Several D.C. tachnaneters 
were used, but all operated improperly; particularly disadvantageous 
was their fluctuation in terminal voltege et low speeds. It was decided 
to rum the Ward-Leonard system open loop using the speed control character- 
isties of the IC motor. Because of the small veriation in load troque 
(except at low speeds when the coulomb friction contributes to a large 
percentage cf the load torque) this plen wes thought to be fersible. 
The transfer function between the controlling voltage at the servo mapli- 
fier input and the speed of the disc as mensured by a speed counter is 
given in Figure E.9. The relationship between the controlling voltage 
and the output of the power amplifier (the generator field current) is 
also shown in Figure £.9. This figure indicates thet a linear relation- 
ship holds for about e speed variation of four times (from 15 RPM to 60 
RPM). For a complete analyzer such a limitation would not be desirable, 
but for this investigation we proceeded with this limited range of 
variation. Ag it happened thie limited range was not a controlling 
factor in the investigation. When we cawpared several trial rims with 
theaystem, it was discovered that different results were being obtained 
with no change in the various parameters which should ccntrol the end 
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FICURE £.7 


Servo Amplifier - Voltage Amp. Section 
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FIGURE £.8 


Servo Amplifier - Power Section 
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results. Figure £.11 shows the results of three different runs for a 
recorded frequency of 300 cycles per second, Q of 22. It was thought 

that the differences between the three indications were duc to fluctue- 
tions in the speed of the disc ag it was slowed down by the controlling 
voltege. Therefore a test was made with a constant controlling voltege. 
Figure E.10 shows the resulm of this test. Ideally a constant controlling 
voltage would result in a constant disc speed and a consequent atcady 
output voltage, With the variation of the signal due to the eccentri- 
city of the disc the output indication would necessarily be periodic. 

The results of this variation can easily be seen in Figure £.10. However, 
in addition to this periodic verlatiam there is an erratic variation of the 
cutput which can omly be explained as the erratic variation in input fre- 
quency to the timed circuit. That this variation was due to the signal 
coming from the magnetic tape was shown by obtaining a steady: 
from the selective system and detector using a steady signal from an 





audio oscillator. 

in order to obtein a macother variation of the diac speed it was 
decided to disconnect the disc from the driving motor and having sped 
the dise up to speed, (using a cord) to let the disc slow down freely. 
Due to the large moment of inertia of the disc, the disc should act as 
a filter for smell variations in torque such as that from the bearings 
om the dise sheft. A smoother variation wes obtained as is indicated 
by the pulses of Figure 3.9. We no longer had control of the speed of 
the disc (a variable damping arrangement could .‘tontrol the free rumning 
speed somewhat), but control of the parameter K was possible by changing 
the Q of the tumed circuit. The speed-time relationship for the free 
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maming disc was determined by using the mrt Joint transient as a marker, 
Figure 3.9 aleo shows, in the middle recording, the marker recording at 
the top. The bottom trace shows oe second marker pulses which were 
generated by the recorder (A Senborn Cardette) These one second intervals 
were checked by cownting the muwaber ovar a measured period cf time. The 
actual speed-tine relationship was fowl by measuring the intervals between 
butt joint trenelents using « pair of dividers, and then calculating the 
speed of the disc knowing the circumference exd the calibrated time ecale 
cf the recording. This vas done for a amber of points and a smoth curve 
was dram through the points. The speed tie relationshipe as determines 
in this menner are shown on Figures £.11, 3.5, and 3.9. ‘The curve of 
figure E.11 were due to en expomentiai contral voltage but were obtained 





A schematic of the selective Systems and detector is ahown in Figure 
3.12. <A yerellel resonant LAC circuit with Q miltiplication was used as 
the sélective system. The Q of the resonant circult is effectively miti- 
plied vy positive feed back from the vacwm tube which in effect camels 
part of the resistance associated with the tank circuit, This cireuit 
has goo’ stability desired for a measiwenent circuit. The output of the 
Qwmultiplier is taken across the cathode vesister. A cathode follower 
isolation atarze followed the Q multiplier. Thie stage was weed to isolate 
the Q miltinlier from the detector since any verlations acroas the cathode 
repistor of the Q multiplier are reflected back to the tenk circuit. The 
detector was a linear detector the desion of which is covered in most 
elementary electronics textbooks. The decoy time constant of this detector 
was determined by trial and error since the shape of the modulated signal 
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wan not known with eny exactitwie. This time constant was set to show any 
fluctuations in the emvelope of the curve dw to the transient response of 
the filter. 

The detector for the bute joint markers was of siniler design. 
The imput of thid detector was teken off the amplified reproduced signal 
since it wan desired to mark the recording for the entire sampie length 
and not just for those time intervals when a vreprodwed frequency was equal 
to the frequency of the tuned circuit. 


Amilivier 

The emplifier vsed was a General Radio type 714A voltage emlifier. 
The gain is adjustable between 20 to &0 decibels. The noise level of the 
emplifiexr in compirison to the amplified reproduced signal can be seen in 
Pigure E.5. (It must be remembered that this signal is attenuated due to 
the air gap between the hwad and the tape in the order of 33 decibels fron 
the 0.004 volts maximm possible. This amplifier hes a flet frequency 
response between 20-18,000 cycles, The amplifier was very susceptible to 
vibretions when operated near {ts maximum voltage gain (A horn honking 
outside would produce a large output) The aeplifier was removed from the 
tehle holding the drum assembly and the top wae removed from the emplifier. 
The top was acting like a baffle and was being capecitively coupled to the 
grids of the tubes which vere only a half inch or so below the top. (ie 
more trouble wos had with horns) ‘The vibrations of the table carring the 
Ward-Lecnam generator and associated motor was excessive even in that 
they caused the repredwe head to vibrate noticably. ‘This assexbly was 
moved to ancther table and both assemblies were put on rubber sheets which 
reduced the vibrations markedly. 
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A General Redio frequency meter, type 1141-A, ves used as a master fre- 


quency standard. This meter is of the null detector type and requires use 
of heed phenes to detemmine the null. The manufacture claime that the mater 
te accurate within 1%. Wo check was made of this frequency meter. Within 
the range cf interest, 200 cycles to 5000 cycles, the null point could be 
detected to the accurecy of an imperceptible movement of the dial. However, 
the accuracy of the measurement was limited by the accuracy with which the 
dial could be read. Up to 500 cycles this accuracy was estimated to be 
about i cycle, 

A General Ragio direct reading frequemy meter, type $34-B, wes used 
for repid measurements in order to center in on the mezsuremant by the null 
type moter. 

The Q of the tumed circult wes measvred ty using om awlic oscillator, 
em oscilloscope, and the frequency meter. The bendwidth of the system was 
taken simply ae the frequency difference between the balf-power points. No 
reapense curve was taken for the tuned circuit but it was noted that the 


Possible Equiprent 

(a) Dise end reproduce head. This assembly is plagued by the trovble 
experienced by most workers with drums of this sort - the error introdwel 
by the necessity of having a varying air gmp due to the eccentricity of tke 
Grum. At the same time the irregularities af the surface would cause trovble 
oven if there were no eccentricity. There is the possibility of using ao loo 
of tape which would be cerried acrosa the reproduce head similer to a con~ 
ventinnel tape recomier. The fast rewind speeds of tepe record 
that tansa can be transported across the heed at speeds several times creater 
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than normal 7.5 inch per second speed. However, there is probably some 
limit to the range of speeds evailable from this methed Cue to breaking 

of the tape. Other possibilities exist such es some mechanism which would 
keep the head in intimate contact with the tape on the disc or drum by 
means of spring loading. With the widespread use of magnetic drums and 
the fact thet this problem is common to almost ali wers of such drims, 
we hesitate to make any coments other than thet this field should be 
investigated for some simple, practical and workeble soluticn which hes 
already proved itself. 

(bd) Driving asserbly. This invétigetion showed that there is a real 
need for an accurate speed controlling mechaniam. At first one would 
immediately think of a feedback system; however the epplication in this 
case is one which does not require the adventage of the feedback servo- 
mechenism in maintaining speed control with widely varying torques . In 
this application it is important that the instantaneous speed of the disc 
not very within limits, and these limits are set by the resolution of the 
aystem. Any feedback system would recuire thet the error signal correct 
the speed before the recoried frequency being enalyzed at that instant pess 
out of the pess band cf the filter. Further investigaticn would be 
necessary to determine whether this feedback system would prove setis- 
factory. The possibility of the freely running drum as vas used in this 
investigation shows promise in that the speed of the drum varies smoothly 
ena that additional demping could be introduced to control the rate of 
slowing down. However, such @ proposal would require a marker systen 
coupled with some additional means of providing a direct reading indica~- 
tion of the analyzed frequency. The method as used here to determine 
the frequancy of the sample ie too laboriow for a practical system. 
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(c) Pumction generator. A function generator which works off a 
function masked on the face of an oscilloscope vas obtained but vas not 
used. This function generator ie in wide use today and has proved itself, 
For this investigation which wes limited to exponential and free running 
variation of speed, the generator was not needed. For exponential or 
linearly varying voltages a simple RC decay or sweep circuit generator 
ere recommended. The use of cams is possible, and thesecans were investi- 
gated. However, precision cems followed by a translatory potentiometer 
would cost as much as a fimctionally wound potentiometer. For the function 
necessary for the equal sample analyele a function wound potentiometer and 
constent speed drive is recommended. 
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